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ABSTRACT OF THE DISCLOSURE 
An optical system in which the shift in focal length 
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with changes in ambient atmospheric pressure in mini- ' 
mized by selecting the n optical surfaces of the system 
according to the criterion that the sum 

l'l 

Zinnia 
1—-l 

tends to zero where for the ith surface, it is the distance 
normal to the optical axis of the system from the inter 
section of a given paraxial ray and the surface D is the 
angular deviation of the ray due to refraction at the 
surface, and P1 is ,u/L'/,u.'—p., p. and ,u' being respectively 
the indices of refraction of the lens material and air on 
respective sides of the surface. One variation of the de 
vice varies the pressure between selected lens surfaces as 
a function of some parameter of the ambient atmosphere. 

This invention relates to optics, and more particularly 
to compensation of an optical system for changes in am 
bient atmospheric pressure. 
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In a multiple lens system wherein two or more lenses ' 
are separated by vented “air” spaces, changes in ambient 
air pressure will generally cause corresponding changes 
in the focus of the system. For example, in high altitude 
photography, as the air density becomes more rare?ed, 
the index of refraction of the interlens air spaces changes. 
Thus, the lens system becomes more refractive and the 
focus shifts closer to the lens system. Typically, compen 
sation for such shift has involved physical translation of 
one or more lens elements such as in the device de 
scribed in US. Patent No. 2,470,455. 
The present invention has as its principal object means 

whereby the lens system is compensated for changes in 
air pressure outside the lens system, without moving any 
of the lens elements. 
A further object of the invention is to provide a system 

for compensating a multiple lens structure by controlling 
air pressure in one or more “air” spaces of the structure, 
whereby the image plane of the lens structure remains 
substantially ?xed in space despite uncontrolled changes 
in ambient air pressure outside of the lens structure. 
Yet other objects of the present invention are to pro 

vide lens systems compensated for ambient air pressure 
changes by having one or more inter-lens air spaces sealed 
and a predetermined air pressure established in the sealed 
air space or spaces; to provide lens systems compensated 
for ambient air pressure changes by having one or more 
air-spaces in the system sealed from the ambient at? 
mosphere, and means for controlling the pressure within 
the sealed spaces as a function of one or more character 
istics of the ambient atmosphere; and to provide a simple, 
rugged, inexpensive system for compensating a multiple 
lens system for ambient atmospheric pressure changes, 

These and other objects of the invention will in part be 
obvious and will in part appear hereinafter. The inven 
tion accordingly comprises the several steps and the re 
lation of one or more such steps with respect to each of 
the others which are exempli?ed in the following detailed 
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disclosure and the scope of the application of which will 
be indicated in the claims. 
For a fuller understanding of the nature and objects of 

the present invention, reference should be had to the fol 
lowing detailed description taken in connection with the 
accompanying drawings wherein: 
FIG. 1 is a graphical construction of the refraction of 

a paraxial ray; 
FIG. 2 is an axial sectional schematic view through an 

optical lens system embodying the principles of the pres 
ent invention; and 
FIG. 3 is a schematic view of another embodiment of 

the present invention, partly in axial section through an 
optical lens system, and partly in block diagram. 
The basis for the present invention can be expediently 

explained by consideration of the optical diagram of FIG. 
1. In the latter there is shown an arcuate refractive sur 
face 20 separating two media of different refractive in 
dices, and a paraxial light ray 22 impinging on surface 
20 at an angle a with respect to the optical axis 24 of 
surface 20. Light ray 22, being refracted, continues in 
the different medium as ray 26 at an angle (p' with respect 
to the radius of curvature 28 extending from center of 
curvature 30 of surface 20 to point 31 of intersection of 
ray 22 with surface 20. Imaginary line 32, the extension 
of ray 22 through point 31 as if there were no refracting 
surface forms an angle to with radius 28. Similarly, imag 
inary line 34, the extension of ray 26 through point 31 as 
if there were no refracting surface, forms an angle of a’ 
with axis 24. The shortest distance from point 31 to axis 
24 is denoted as it. 
Now, it will be apparent that the angular deviation of 

ray 22 due to refraction at the surface is 

(1) 
One can de?ne a coe?icient C of change in the focal 

plane of the refractive surface for a given paraxial ray as 

in which a’ is the refractive index of a ?rst medium to 
one side of the surface, n is the refractive index of an 
other medium on the other side of the surface, and P is 
de?ned as follows: 

(3) = M‘, 
n’—# 

If ,u and p.’ respectively are the indices of refraction of 
air and glass, and the air medium is open to the ambient 
atmosphere then, 

where p is the ambient air pressure. 
In such case, using Equation 2 to trace the paraxial ray 

through a number of refractive surfaces one ?nds 

(5) Cm=jm<i hiDipi) 
F i=0 

in which the index 1' refers to the ith surface. 
Thus, in order that there be no shift of the focal plane 

of a system of refractive surfaces with changes in air 
pressure (i.e. Ca1,=0), the necessary condition is 

(6) iihiDiPFO 
i 

the sign being determined by whether the air is to the 
right or left of the refractive surface. 
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Now if one considers an optical system of a number 
of thin elements separated by spaces open to air pressure, 
then applying Equation 2 one ?nds 

(7) . _ . n .2 .#_’_ Carr duair D1 #1 1 

in which the index 1' refers to the ith thin lens. 
Now referring to FIG. 2, there is schematically shown 

an exemplary embodiment of a lens system incorporating 
the principles of the present invention and which includes 
the usual lens barrel or hollow cylindrical housing 40. 
In this instance, housing 40 is formed of two cylindrical 
portions 42 and 44 having abutting ends threadedly en 
gaged. One portion 42 supports interiorly thereof three 
lens elements 46, 48, and 50 held in proper optical align 
ment ‘by threaded retainer rings 52. Elements 46, 48, and 
50 are spaced from one another and, therefore, in con 
junction with portion 42, de?ne air spaces 54 and 56. 
These air spaces are vented to the ambient atmosphere 
around the lens barrel as by vent 58 for space 56, the 
vent to space 54 not being shown. Usually, venting will 
occur from these air spaces by leakage around the re 
tainer rings, but in the present device it is desirable to 
provide special vents to insure that the air pressure in 
the vented spaces quickly tracks that of the ambient at 
mosphere. 

Housing portion 44 supports a pair of optically aligned 
lens elements 60 and 62 which are separated by air space 
64. Thus, elements 60 and 50 also are separated by an 
air space 66 which is vented to the outside atmosphere, 
through vent 68. Air space 64, however, is sealed from 
the ambient atmosphere. Typically, lens elements 60 and 
62 are mounted within portion 44 with hermetic seal 70, 
as by silicone or epoxy cement, rubber pressure gaskets or 
the like, capable of withstanding a fairly large pressure 
di?Ferential eg a few atmospheres. 

Means are provided for establishing and maintaining a 
‘predetermined constant (i.e. neglecting changes due to 
temperature) air pressure in space 64 independent of 
ambient air pressure changes. To this end opening 72 
is provided in one side of housing portion 44 intermediate 
the positions of lens elements 60 and 62, as by drilling 
through portion 44. Opening 72 is preferably connected 
to the interior of tube 74 mounted in otherwise hermet 
ically sealed relation on portion 44. Air is injected into 
or removed from space 64 through tube 74 until the 
pressure in space 64 reaches the desired value and tube 
74 sealed off as by closure of valve 78, crimping tube 74 
or other known techniques. 
Now for ideal isothermal conditions of the ambient 

atmosphere, i.e. the atmosphere outside of air space 64, 
it will be appreciated that pressure changes of the ambient 
atmosphere will not affect the pressure within space 64 
and the latter pressure remains constant. Under such cir 
cumstances, the retracting surfaces of the lenses bounding 
space 64 approximate the conditions set forth in Equa 
tion 6 and can be considered as contributing nothing to 
any change in the image plane of the lens system due 
to ambient pressure change. Thus, the design problem 
of the lens system is considerably reduced, these surfaces 
dropping out of Equation 7. 

While the lens system can be designed so that focal 
shifts due to the surfaces not bounding the controlled 
air space or spaces are minimized, it will be appreciated 
that this approach ignores the desirability or need to de 
sign the system to overcome a number of the usual aber 
rations. Hence, in some instances, it is desirable to use 
a variable rather than a constant air pressure in one 
or more air spaces. The present invention therefore in 
cludes in one embodiment, means for monitoring the 
pressure, the temperature or both, of the ambient atmos 
phere, and means for controlling the air pressure in an 
otherwise sealed air space in accordance with the moni 
tored parameters. 
To this end, in FIG. 3 there is shown another exem 

plary embodiment of the present invention including lens 
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barrel 80 formed of a strong, substantially rigid material. 
Mounted within barrel 80 in sealed relation to the interior 
thereof are a plurality of lenses, 82, 84, and 86 which, 
together with barrel 80, de?ne inter-lens spaces 88 and 
90. Space 88 is vented to the ambient atmosphere, as 
through opening 91 in the lens barrel. Space 90 is, how 
ever, coupled to means 92 for controlling ?uid pressure 
in space 90. Typically, means 93 comprises valve 94 
adapted to be operable for connecting conduit 96, lead 
ing from the valve to space 90, either to the ambient 
atmosphere, as a port 98, or to a source of high pressure 
air such as compressed air cylinder 100. Valve 94 is 
connected to be operable in a known manner responsively 
to means such as transducer 102, for monitoring the am 
bient air characteristics. Thus, transducer 102 may be 
pressure sensitive, temperature sensitive or the like. 
When for example, the outside pressure to which trans 

ducer 102 responds falls, valve 94 moves to allow air 
from cylinder 100 to leak into space 90 until pressure 
in the latter builds up to a desired value. Should the 
outside air pressure now increase, the valve responsive to 
transducer 102 now leaks air out of space 90 to port 98 
until again the pressure in space 90 reaches its desired 
value. ' 

The criteria for establishing the desired pressures can 
be determined as follows: 
Assume a multiple air-space lens system in which the 

air spaces labeled 1' are not. controlled and the pressure 
therein is p,, and in which air pressure in spaces labeled 
1' is controlled at a pressure 12,. From Equation 5 it will 
be seen that, to correct for the shift iii/focal plane with 
pressure, one must have: 

Where #0 is the refractive index of air at temperature 
to and at a pressure of 760 mm. Hg, Equation 8 becomes 

( 10) m 

Erma-P, =1 
11 

zihiDiPi 
Pi: Pi 

It will be apparent that the pressure controlled air 
spaces can also be used to control focal shifts due to 
variation in operating temperatures. The equations be 
come more complicated, but the focal shift can be deter 
mined experimentally, and the selection of air spaces to 
be controlled and the transducer and valve settings for 
compensation can be designed with these empirical data. 

Illustration of operation of the invention can be made 
with actual data of an f=24" lens system having ?ve 
lenses and four air spaces, the design data for which are 
as follows: i 

R t ‘n. 

1 ............... .. 2. 1180363 . 0281392 1. 6340490 
2 — _____________ . _ . 0024550 . 0169266 1. 0000000 

2. 4753248 . 0281063 1. 6892880 
1. 7768042 . 0473124 1. 0000000 
1. 5725479 . 0150100 1. 6316720 
3. 2372499 . 0921599 1. 0000000 

. 6938270 . 0188103 1. 5117060 
2. 5798178 . 0001455 1. 0000000 
2. 6444785 . 0348748 1. 6175660 
2. 8866276 . 0000000 1. 0000000 

R, t and n respectively are the curvature of the enu 
merated surface (i.e. l/r where r is the radius of curva-. 
mm); the distance to the next surface along the optical 



5 
axis of the system; and the index of refraction of the 
medium next adjacent the enumerated surface. These 
data are for power +1 and the system has a back focal 
length=0.8721426. 
From these data, using the foregoing equations, we 

?nd for each surface: 

"11D P Aim, 

'—2. 118041 +2.118041 
+1. 45!]61 +1. ‘157E161 
—. 912214 +.':J12214 
+. 287821 +. 237821 
+2. 597106 —2. 597106 
—2. 498330 -2. 498330 
+. 056939 - 056939 

'-3. 592581 '—'3. 592581 
--3. 642267 +3. 642267 
+3.067816 +3.067816 

If all air spaces are vented to the atmosphere, then 

Cah~=+2.741164A,u 
On the other hand, if, as in the embodiment of FIG. 1, 

the ?rst air space is sealed at constant internal pressure 
and all other air spaces are open, then 

an improvement by almost an order of magnitude. 
If now, the ?rst air space has its pressure controlled 

according to Equation 10, 

Where one wishes to compute the change in focus with 
temperature to compensate therefor, consideration should 
be given to the change in the refractive index of air with 
temperature. The term “air” as used herein should be 
construed to include any transparent ?uid that consti 
tutes the environment of the system and typically can be 
CO2, N2 or the like. 

Since certain changes may be made in the above ap 
paratus without departing from the scope of the inven 
tion herein involved it is intended that all matter con 
tained in the above description or shown in the accom 
panying drawing shall be interpreted in an illustrative 
and not in a limiting sense. 
What is claimed is: 
1. An optical system compensated to reduce focal 

shifts with ‘variations of pressure or temperature in the 
ambient atmosphere, and comprising in combination: 

a lens housing; 
a plurality of lens elements mounted within said hous 

ing so as to de?ne a multiplicity of air spaces be 
tween said elements, at least one of said air spaces 
being sealed so as to prevent continuous direct com 
munication with said ambient atmosphere, at least 
one other of said air spaces being vented to provide 
continuous direct communication with said at 
mosphere, 
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said lens being designed such that, despite said vari 
ations, the sum 

1'] 

ZhiDiPi 
i=1 

for the n surfaces of said elements tends toward 
zero, where for the ith refractive surface of said 
system, it is the distance normal to the optical axis 
of the system from the intersection of a given 
paraxial ray and the surface, D is the angular devi 
ation of said ray due to refraction at said im surface, 
P1 15 

n’~# 
,u and ,M' respectively being the indices of refraction of 
the lens ‘material and the air on respective sides of 
said ith surface. 

2. An optical system as de?ned in claim 1 including 
means for monitoring a parameter of the ambient at 
mosphere, and means responsive to said monitoring means 
for varying air pressure in said sealed air spaces as a 
function of said parameter. 

3. An optical system as de?ned in claim 2 wherein said 
monitoring means measures changes in the pressure of 
the ambient atmosphere, and said means for varying 
the air pressure in said sealed air space comprises a source 
of air at super-atmospheric pressure and valve means ' 
movable responsively to said monitoring means for selec 
tively connecting said sealed air space with said source, 
with said ambient atmosphere, or for sealing said sealed 
air space from either said source or said ambient at 
mosphere. 

4. An optical system as de?ned in claim 3 wherein the 
pressure, p1, in said sealed air space is adjusted such that 

(Pi) 

where p1 is said ambient atmospheric pressure, m is the 
number of lens surfaces bordering sealed air spaces and 
n is the number of lens surfaces exposed to said ambient 
atmosphere. 
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